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In the novel stoichiometric iron-based material RbEuFe4As4 superconductivity coexists with a pe-
culiar long-range magnetic order of Eu 4f states. Using angle-resolved photoemission spectroscopy,
we reveal a complex three dimensional electronic structure and compare it with density functional
theory calculations. Multiple superconducting gaps were measured on various sheets of the Fermi
surface. High resolution resonant photoemission spectroscopy reveals magnetic order of the Eu 4f
states deep into the superconducting phase. Both the absolute values and the anisotropy of the super-
conducting gaps are remarkably similar to the sibling compound without Eu, indicating that Eu mag-
netism does not affect the pairing of electrons. A complete decoupling between Fe- and Eu-derived
states was established from their evolution with temperature, thus unambiguously demonstrating
that superconducting and a long range magnetic orders exist independently from each other. The es-
tablished electronic structure of RbEuFe4As4 opens opportunities for the future studies of the highly
unorthodox electron pairing and phase competition in this family of iron-based superconductors with
doping.
INTRODUCTION
Even after many years of intensive research, the mechanism
of the electron pairing in iron based superconductors (IBSC)
is still not well understood. It is known that emergence of
superconductivity (SC) with doping is accompanied by a sup-
pression of the structural and magnetic transitions observed in
undoped parent compounds. Theoretical considerations sug-
gest that the pairing mechanism in IBSCs might be due to
spin-fluctuation exchange [1–4]. In the case of weakly doped
compounds the superconducting gap should have a s± sym-
metry. However, numerous studies of these materials demon-
strate that the physics of the pairing is more complex be-
cause of the multiorbital and multiband nature of low-energy
fermionic excitations [5–7]. It turns out that both the symme-
try and the structure of the order parameter result from a rather
non-trivial interplay between spin-fluctuation exchange, intra-
band Coulomb repulsion, and the momentum structure of the
competing interactions [8, 9].
In a newly discovered class of iron based superconductors,
the so called “1144 family [10], there are particular interest-
ing examples of AEuFe4As4 (A=Rb,Cs) compounds where su-
perconductivity coexists with unusual Eu-magnetic order [11–
14]. The structure of these compounds (see Fig.1(a)) can be
ar
X
iv
:2
00
8.
00
73
6v
1 
 [c
on
d-
ma
t.s
up
r-c
on
]  
3 A
ug
 20
20
2viewed as an intergrowth between undoped EuFe2As2 and
heavily overdoped AFe2As2. As a result, RbEuFe4As4 be-
comes intrinsically hole-doped, exhibiting superconductivity
with a high transition temperature ∼36K. Moreover, the ev-
idence of in-plane ferromagnetic ordering of the Eu2+ spins
below ∼15K was given by magnetization measurements for
both polycrystalline [15] and single crystal samples [16, 17].
The optical conductivity measurements [18] revealed a fully
opened SC gap of about 5meV, while the inelastic neu-
tron scattering (INS) measurements showed spin resonance at
18meV, and a three-dimensional helical antiferromagnetic or-
der of the Eu atoms was determined from the neutron diffrac-
tion [19]. It has been even proposed that this exotic heli-
cal magnetic structure is generated by superconductivity due
to the interplay of Ruderman-Kittel-Kasuya-Yosida (RKKY)
exchange interaction and macroscopic electromagnetic inter-
action between the superconducting and magnetic subsys-
tems [20, 21]. However, magnetic susceptibility and resis-
tivity studies of RbEuFe4As4 under pressure found that the
superconductivity onset is suppressed monotonically by pres-
sure while the magnetic transition was enhanced at higher
pressures [13]. Muon spin rotation (µSR) measurements of
polycrystaline samples [22] indicated that under hydrostatic
pressure the superconducting transition temperature Tc de-
creased, while the magnetic transition temperature Tm in-
creased, suggesting no coupling between s± superconductiv-
ity typical for IBSC and exotic magnetic order of Eu. A recent
study of the magnetism and superconductivity in Ni-doped
RbEuFe4As4 showed that upon doping the SC transition crit-
ical temperature Tc decreased, but the Eu magnetic transition
temperature Tm is hardly affected [23]. This suggests that Eu
magnetism and superconductivity might be weakly dependent
from each other.
In the present study we elucidate the interdependence of
Fe-superconductivity and Eu-magnetism in this novel class of
materials by combining experimental observations with theo-
retical calculations. In particular, we investigate the question
whether the spatial proximity of the ferromagnetically ordered
layer of Eu atoms can induce a non-trivial pairing of the Fe
conduction electrons with exotic symmetry of the supercon-
ducting gap.
RESULTS
Fermi surface topology
In Fig.1(c), we present a Fermi surface (FS) map obtained
at 70 eV, corresponding to kz=0 for the Γ point where the
hole pockets are largest. The measured Fermi surface is simi-
lar to optimally hole-doped Ba1−xKxFe2As2 (Ba“122”) pnic-
tides and consists of three hole-like pockets at the centre of
the Brillouin zone (Γ-Z points in Fig.1(b)) and propeller-like
electron-like pockets at the corners of the the Brillouin zone
(M-A points in Fig.1(b)) [24]. High symmetry direction band
dispersions measured in M-Γ-M direction in Fig.1(d) show the
FIG. 1. Structure and Fermi surface topology: (a) Layered
crystal structure and (b) bulk Brillouin zone of RbEuFe4As4.
(c) kx -ky Fermi surface map, measured using 70 eV photons
in linear vertical (LV) polarisation. (d) Band dispersions in M-
Γ-M direction measured using 113 eV photons for LV polari-
sation. All data measured at 40K. (e) Calculated Fermi surface
for kz=0 for FM configuration of Eu moments. (f) Calculated
band dispersions in M-Γ-M direction showing Fe 3d (green)
and Eu 4f (blue) bands.
4f electron emission from bulk Eu atoms, between 1.0 and
1.7 eV below the Fermi level. We note that there is no sig-
nature of 4f emission from surface Eu atoms, which would
appear as an additional broad 4f signal at higher binding ener-
gies [25, 26]. Apparently, the spectral pattern of Eu 4f states
lies far away from the Fe 3d states that are crossing the Fermi
level. This observation also suggests that it is hard to antici-
pate any interaction between Eu and Fe sublattices [27].
The experimentally observed results are in good agreement
with DFT calculations for RbEuFe4As4 (see Fig.1e,f). Like
in many other known classes of iron-based superconductors,
DFT overestimates the size of both hole and electron Fermi
surfaces, leading to the so-called ”red-blue” shift of the Fe 3d
bands: hole-like bands at the centre of the Brillouin zone mov-
ing to higher binding energies, while electron-like bands at
the corners of the Brillouin zone moving to lower binding en-
ergies [28–30]. This results in smaller size Fermi surfaces
observed in experiment and in some cases to a corresponding
increase of the density of states at the Fermi level due to the
van-Hove singularity at the bottom of the electron pocket that
3FIG. 2. Superconducting properties: (a) Hole pocket Fermi
surface at Z-point (40K); (b,c) Band dispersions at Z-point
below and above Tc measured along high symmetry direction
shown as red double arrow in panel (a), white arrows indi-
cate corresponding kF positions; (d) Electron pocket Fermi
surface at M-point (40K); (e,f) Band dispersions at M-point
below and above Tc measured along high symmetry direction
shown as red double arrow in panel (d); white arrows indi-
cate corresponding kF positions; (g,h) Photoemission spectra
at equivalent kF positions above and below Tc together with
the superconducting gap fit for hole and electron pockets; (i)
Temperature dependence of the superconducting gap obtained
for three different Fermi surface sheets of the hole pocket at
Z-point.
moves toward zero energy at optimal doping [31].
Superconducting properties
Using high resolution ARPES we have observed an open-
ing of the superconducting gap on all sheets of the Fermi sur-
face below Tc (Fig.2). The measured values of the gap at
the hole pockets at the centre of the Brillouin zone are sig-
nificantly varying from one sheet to another, with the largest
gap opening on the most inner hole-like Fermi surface, sim-
ilar to other Ba“122” pnictides [32–34]. We have also ob-
served opening of the superconducting gap at the centre of the
electron pocket. The obtained maximum value of the gap at
the electron pocket is about ∼9 meV according to the fit us-
ing the Dynes function [35] and is similar to the largest gap
value for the hole pocket (Fig.2(g,h)). This is in a very good
FIG. 3. DFT electronic structure Band dispersions with the
orbital character for ferromagnetic (left column), A-type anti-
ferromagnetic (middle column) and helical antiferromagnetic
(right column) Eu magnetic structures. Calculations done for
1, 2 and 4 formula units per cell correspondingly.
agreement with superconducting gap ARPES measurements
for optimally doped Ba1−xKxFe2As2 [32–34]. These maxi-
mum gap values derived by ARPES are also in a very good
agreement with published data from optical measurements of
RbEuFe4As4 [18].
With increasing temperature, the superconducting gap
gradually closes for all bands with classical BCS-type de-
pendence, indicating a significant inter-orbital interaction
of the Fe 3d bands [36–38], similar to sibling compound
CaKFe4As4 [39] and Ba“122” family [34, 40]. By measur-
ing the temperature dependence of the superconducting gap at
the hole pockets (Fig.2(i)) within our energy resolution we do
not observe any change in the magnitude of the gap at the Eu
magnetic transition Tm∼14K. This result suggests that super-
conductivity in RbEuFe4As4 that involves Fe 3d states near
the Fermi level might be fully decoupled from the magnetism
on the Eu sublattice.
In order to investigate the effects of Eu 4f magnetism on
the Fe 3d electronic states in the vicinity of the Fermi level
we performed band structure calculations within DFT for sev-
eral types of Eu magnetic moment ordering: ferromagnetic
(FM), A-type antiferromagnetic ordering similar to EuFe2As2
(AFM180) [41, 42], and for the recently proposed helical an-
tiferromagnetic alignment of Eu moments (AFM90) [19]. As
can be seen in Fig.3, irrespective of magnetic ordering the
bands forming electron M-pockets at the Fermi level are al-
most completely determined by dxz(yz) Fe orbitals, whereas
the bands forming hole Γ-pockets are contributed by a mixture
4FIG. 4. Magnetic properties: (a) The resonant Eu 4d→4f
photoemission spectra taken at 7, 30 and 40K with 142 eV of
photons and LV polarization; The 120 eV survey scan shown
as insert explicitly indicates no admixture of trivalent Eu state.
(b) 2D colour plot presentation of the temperature evolution
of the divalent Eu 4f resonant photoemission signal [43]. (c,d)
XMCD spectra measured for Eu M5,4 and Fe L3,2 absorption
edges.
of different Fe 3d orbitals. In accordance with our calculations
the basic band structure at the Fermi level and the orbital char-
acter of Fe 3d bands are almost unaffected by different mag-
netic orderings of Eu 4f magnetic moments. Therefore the un-
derlying spin-fluctuation-mediated interaction of Fe 3d itiner-
ant electrons responsible for superconducting pairing could be
completely insensitive to the onset of the local magnetic order
on Eu atoms.
Magnetic properties
In order to explore the magnetic properties of the Eu sub-
lattice, we performed resonant photoemission measurements
at the Eu 4d→4f threshold using 142 eV photons. This al-
lows a resonant enhancement of the 4f emission from diva-
lent Eu ions and gain insight exclusively into the spectral
pattern of these states. The experiment was performed as a
function of temperature going from the normal state (40K)
via the superconducting state (20K) into the magnetic state
(7K) as shown in Fig.4(a,b). Wide binding energy range va-
lence band spectrum in insert of Fig.4(a) clearly shows that
Eu in RbEuFe4As4 is in pure Eu2+ state with no contribution
from Eu3+ states. Another essential point is that Eu 4f sen-
sitive ResPES spectra do not show any contribution from the
surface 4f emission indicating that the analyzed spectral pat-
tern originates from purely bulk Eu with no presence of the
Eu2+ at the surface. The divalent Eu state with a 4f7 electron
configuration reveals a large and pure spin magnetic moment
(J=S=7/2) of 7µB which is responsible for the complex mag-
netic properties of Eu sublattice. Note that because the orbital
moment of divalent Eu 4f is equal to zero, this large magnetic
moment will be rather insensitive to the crystal-electric field
environment. High resolution ResPES data for Eu 4f states
clearly show 4f7 →4f6 final-state Eu multiplet where the in-
dividual J components are well resolved (Fig.4(a)) and in
good agreement with both experiment and theoretical calcu-
lations [44, 45]. When following the evolution of the Eu 4f
spectral pattern with decreasing temperature (Fig.4(b)), we
can clearly see that there are no apparent changes in its shape
and intensity when passing the onset of the superconducting
order. However, there is a significant redistribution of the
photoemission intensity between the individual J-terms of the
Eu 4f multiplet below 14K. The latter can be explained as the
appearance of the long-range ferromagnetic order of the 4f
moments in the Eu layer [45, 46]. When the ferromagnetic or-
der sets in due to exchange interaction, which couples neigh-
boring 4f moments, the angular momenta assume long-range
orientation leading to a preferred direction between incom-
ing light and angular momentum. The latter implies a dif-
ferent excitation probability for the ferromagnetically ordered
4f states than for the paramagnetically ordered 4f states with
nearly isotropic angular momentum orientation.
Furthermore, in Fig. 4(c,d) we performed XMCD measure-
ments to directly probe magnetic moments of both Eu and Fe
atoms. Following standard sum rule analysis, we obtained a
large magnetic moment 7.04±0.01µB for Eu and a tiny mag-
netic moment 0.03±0.01µB for Fe . This value of the local
magnetic moment on Eu is in close agreement with published
transport data [15–17]. The DFT calculated Eu magnetic mo-
ment of 6.97µB is in excellent agreement with experiment, and
is the same for any considered magnetic configuration.
To investigate magnetic properties of Fe sublattices, we
used a disordered local moment (DLM) approach, in which
magnetic moments of individual atoms are randomly orien-
tated as in a paramagnetic state [47, 48]. This gives the mag-
nitude of Fe magnetic moments of 1.47µB. Note however that
XMCD is sensitive only to the ordered component of the mag-
netic moment, which is very small, indicating a large fluctu-
ating moment on the Fe sites. FPLO calculations for the ex-
perimental structure with the FM order of Eu moments and
U=5 eV and J=1 eV give the Fe moments of 1.7*10−3 µB
and Eu moments of 7.13 µB. Obtained value of the ordered
Fe moment is consistent with XMCD measurements, while
DLM shows the local moment which can be much larger. Ap-
plying the magnetic force theorem [49] we found that the ex-
change interaction between the Eu und Fe moments is rather
weak and negative indicating an antiferromagnetic coupling
between the moments. At the same time, our calculations have
shown that AFM90 configuration for Eu moments is the most
favorable. The total energy of the AFM180 is of 1.8 meV/f.u.
higher whereas the FM configuration is less favorable among
considered being of 4.4 meV/f.u. higher in energy respecting
AFM90.
5DISCUSSION
Using high resolution ARPES, we observed that the Fermi
surface of RbEuFe4As4 consists of multiple hole-like and
electron-like sheets, similar to other iron-based superconduc-
tors. In this unique compound, the itinerant Fe 3d electrons
at the Fermi level are in proximity to the layers of ferromag-
netically ordered large local magnetic moments of Eu atoms.
Therefore, the observed coexistence of Eu helical antiferro-
magnetic order with Fe superconductivity raises a widely dis-
cussed question about the possibility of non-trivial supercon-
ducting pairing in this material. One of the most direct ways
to answer the question about prevailing exotic pairing and its
relation to co-existing Eu magnetic order is to probe the sym-
metry of the superconducting order parameter. RbEuFe4As4
is an intrinsically hole-doped iron-based superconductor with
a high transition temperature Tc∼35K. Our ARPES data show
the opening of a full superconducting gap on all Fermi surface
sheets below Tc with average gap value of ∼5 meV, in good
agreement with optical conductivity study [18]. The fact that
the temperature dependence of the various hole-like super-
conducting gaps follows a similar BCS-like relation for dif-
ferent sheets of the Fermi surface unambiguously points to-
wards a significant interorbital coupling in this system [50].
The Fermi surface topology as well as temperature depen-
dence and anisotropy of the order parameter are very similar
for RbEuFe4As4 and optimally doped Ba1−xKxFe2As2. This
suggests that superconductivity in both compounds is of the
same origin and is consistent with theoretically proposed s±
pairing due to the spin-fluctuations.
The temperature dependence of the hole-like superconduct-
ing gaps does not show any uncommon behaviour below the
three-dimensional helical antiferromagnetic ordering of the
Eu2+ spins at 14K. Moreover, our ARPES data show that
weakly dispersing Eu 4f states are at 1-1.7eV below the Fermi
level, and our DFT calculations confirm that these localized
states do not hybridize with itinerant Fe 3d states and there-
fore do not contribute to the superconducting pairing directly.
Both Fe- and Eu-subsystems are almost decoupled magneti-
cally, since the Fe 3d bands and the Eu 4f states are well sep-
arated in energy, despite structural proximity of Fe-As and
Eu layers. Besides, the calculations of the band structure in
vicinity of the Fermi level for different types of magnetic or-
ders of Eu moments establish that the topology and the orbital
character of Fe 3d bands are not constrained by the particu-
lar magnetic structure. All these observations suggest that the
iron-derived states near the Fermi level are completely inde-
pendent from the localized Eu 4f electronic subsystem.
Furthermore, we have also addressed the proposition [20]
that superconductivity is responsible for the stabilisation of
the helical antiferromagnetic ground state. Using high reso-
lution resonant photoemission measurements we not only ob-
served the Eu 4f final state multiplet structure, but, by measur-
ing its temperature and polarisation dependence, confirmed in
plane ordering of Eu2+ localized moments below Tm. These
data also show that Eu 4f7→4f6 final-state multiplet structure
and therefore the magnetic arrangement does not change with
the onset of superconductivity at Tc. DFT calculations not
only give correct binding energies of the Eu 4f bands and cor-
rect magnetic moments of Eu, but also confirm that the helical
magnetic structure is the most energetically favourable one.
The tiny magnetic moment of Fe obtained in our XMCD
experiment is in agreement with results of Mo¨ssbauer spec-
troscopy measurements [51]. These Mo¨ssbauer experiments
also suggest that Fe-subsystem might not be magnetically
ordered despite the long-range order of Eu-subsystem. Us-
ing DLM approximation, we show that exchange interaction
between Fe and Eu is small and negative. Since existing
DFT functionals can not describe correctly charge and spin
fluctuations, we can not determine magnetic order in the Fe
sublattice and assume here that the Fe moments are disor-
dered. The magnetism of iron in RbEuFe4As4 could be dif-
ferent from isostructural CaKFe4As4 [12, 14] due to the pos-
sible biquadratic Eu-Fe coupling [52]. Nevertheless, both
magnetic RbEuFe4As4 and non-magnetic CaKFe4As4 com-
pounds have similar Fermi surface topology [39]. In both
cases the superconducting gaps for different Fermi surface
sheets have no clear nodes and are roughly isotropic. These
observations once again demonstrate that superconductivity
in RbEuFe4As4 is completely independent from the magnetic
order on Eu .
RbEuFe4As4 is one of the few examples of the iron-based
superconducting compounds with high transition temperature
without additional doping. The superconductivity in this ma-
terial is enhanced for several reasons: due to the stoichiomet-
ric chemical composition there is no defect scattering detri-
mental for superconductivity; due to the charge carriers from
Rb layers it has maximized density of states at the Fermi
level beneficial for superconductivity; and it has no long-range
magnetic order of iron moments, which is a well-known com-
petitor of the superconductivity. Moreover, a recent study of
the doped RbEu(Fe1−xNix )4As4 system shows that by intro-
ducing extra electrons with Ni substitution at doping levels
above x ∼0.07 the ferromagnetic superconductor with Tc >
Tm transforms into a superconducting ferromagnet with Tm >
Tc [53]. This doping induced interchange opens an unique op-
portunity to study the underlying change of electronic struc-
ture and possible existence of unconventional superconduc-
tivity. Therefore, understanding the electronic structure of the
parent compound RbEuFe4As4 becomes extremely important
for any future studies of prospective superconducting magnets
among iron-based pnictides.
To summarize, we have performed high resolution ARPES
and ResPES studies of a newly discovered iron based super-
conductor RbEuFe4As4 with helical magnetic order. We ob-
served three hole-like Fermi surface pockets around Γ-point
and small electron-like pockets around M-point, all formed
by Fe derived bands. Our DFT calculations show that topol-
ogy and the orbital character of the Fe 3d band does not
strongly depend on the particular magnetic ordering of the
Eu 4f states. A full nodeless superconducting gap with BCS-
6like temperature dependence has been observed on both hole-
and electron-like bands below Tc. In particular, no deviations
in the temperature dependence of the order parameter have
been detected below the magnetic transition Tm despite of a
clear indication for an in plane magnetic order of Eu2+ local-
ized moments. All these facts unambiguously indicate that
Eu-magnetism and Fe-superconductivity are almost fully de-
coupled in RbEuFe4As4.
METHODS
Single crystal sample growth
High quality single crystals of RbEuFe4As4 were grown by
the self-flux technique. Superconducting and magnetic transi-
tion temperatures Tc∼35K and Tm∼14K were confirmed by
magnetisation measurements [54].
X-ray spectroscopy measurements
High resolution angle-resolved photoemission spec-
troscopy (ARPES) and resonant photoemission spectroscopy
(ResPES) measurements were performed at the I05 beamline
at the Diamond Light Source, UK [55]. The photoelectron
energy and angular distributions were analysed with a SCI-
ENTA R4000 hemispherical analyser. The angular resolution
was 0.2◦, and the overall energy resolution was better than
10 meV for Fermi surface mapping and∼2-3 meV for SC gap
measurements. In order to increase the contrast in Fig.4(b) we
have used a procedure described in Ref. [56]. X-ray magnetic
circular dichroism (XMCD) measurements were performed
at the HECTOR end-station of the BOREAS beamline at the
ALBA synchrotron radiation facility [57]. Absorption spectra
in total electron yield mode have been recorded at the Fe L3,2
and Eu M5,4 edges in magnetic fields up to 6 T and at 5K
sample temperature, well below Tm∼14K.
First-principles calculations
Density functional theory (DFT) calculations were per-
formed considering various basis sets [58]: the projector
augmented-wave (PAW) method for representation of core
electrons [59, 60] as implemented in the VASP code [61], the
all-electron full-potential localized orbitals (FPLO) basis set
code [62], and a full potential Green’s function method within
the multiple scattering theory [63]. Calculations were bench-
marked with various codes. The generalized gradient approxi-
mation (GGA-PBE) [64] to the exchange-correlation potential
was applied. To perform the calculations we have used the ex-
perimental crystal structure parameters [15]. The Eu 4f states
were treated employing the GGA+U approach [65] within the
Dudarev scheme [66]. The Ueff=U-J value (where U and J
are the effective on-site Coulomb and exchange interaction
parameters, respectively) for the Eu 4f states was chosen to be
equal to 5.5 eV. Using this Ueff value we found a good agree-
ment with the experimentally obtained binding energy of the
Eu 4f states of RbEuFe4As4 [67].
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